The kinetics of autophosphorylation of the cytoskeletal form of the neuronal calmodulin-dependent protein kinase type II were studied as a function of calmodulin binding under the same conditions. Whereas calmodulin binding was noncooperative with respect to calmodulin concentration (Hill coefficient = 1), the activation of autophosphorylation and the phosphorylation of exogenous substrates showed marked positive cooperativity (Hill coefficient 2 1.6). Reduction of the active calmodulin concentration by the addition of the calmodulin antagonist trifluoperazine confirmed the cooperative nature of enzyme activation, because autophosphorylation was more sensitive to the drug than was binding at high concentrations of calmodulin. At intracellular levels of calmodulin the binding and activation of autophosphorylation were cooperative functions of magnesium and calcium concentration. The calmodulin-dependent cooperative activation seems to be a unique feature of the cytoskeletal, but not the soluble, form of the protein kinase and may result from the supramolecular organization of the cytoskeletal enzyme. These observations suggest that interactions among the subunits of the oligomeric cytoskeletal calmodulin-dependent protein kinase regulate enzyme activation, enhancing the sensitivity of the enzyme to small changes in the intracellular calcium levels that may be particularly relevant to signaling at the synapse.
ABSTRACT
The kinetics of autophosphorylation of the cytoskeletal form of the neuronal calmodulin-dependent protein kinase type II were studied as a function of calmodulin binding under the same conditions. Whereas calmodulin binding was noncooperative with respect to calmodulin concentration (Hill coefficient = 1), the activation of autophosphorylation and the phosphorylation of exogenous substrates showed marked positive cooperativity (Hill coefficient 2 1.6). Reduction of the active calmodulin concentration by the addition of the calmodulin antagonist trifluoperazine confirmed the cooperative nature of enzyme activation, because autophosphorylation was more sensitive to the drug than was binding at high concentrations of calmodulin. At intracellular levels of calmodulin the binding and activation of autophosphorylation were cooperative functions of magnesium and calcium concentration. The calmodulin-dependent cooperative activation seems to be a unique feature of the cytoskeletal, but not the soluble, form of the protein kinase and may result from the supramolecular organization of the cytoskeletal enzyme. These observations suggest that interactions among the subunits of the oligomeric cytoskeletal calmodulin-dependent protein kinase regulate enzyme activation, enhancing the sensitivity of the enzyme to small changes in the intracellular calcium levels that may be particularly relevant to signaling at the synapse.
Brain calmodulin-dependent protein kinase type II is present in different forms in several subcellular fractions. A soluble form ofthe enzyme has been purified as a Mr 550,000-650,000 oligomer comprised of homologous Mr 50,000 (major, a) and Mr 58,000/60,000 (minor, 13) polypeptides (1) (2) (3) (4) (5) . Both types of subunits bind calmodulin, are heavily autophosphorylated (2) (3) (4) , and cross-react immunologically (6, 7) . A variety of substrates have been identified for the soluble enzyme including synapsin I, isolated myosin light chain, tubulin, microtubule-associated protein 2 (MAP-2), and tryptophan monooxygenase (1) (2) (3) (4) (5) .
This protein kinase also represents a major component of the postsynaptic density along with fodrin, tubulin, actin, and neurofilament proteins (6, (8) (9) (10) . The predominant endogenous protein kinase activity in neuronal nuclei has been identified as the calmodulin-dependent protein kinase (11, 12) . A cytoskeletal form of the enzyme derived from the postsynaptosomal (plasma membrane/microsomal) fraction has been characterized in which the enzyme subunits comprise about 60% of the total protein and >80% of the total calmodulin binding activity in the preparation (13, 14) . The enzyme is present in association with other specific cytoskeletal components. Electron microscopic morphology indicates that oligomers of enzyme subunits form supramolecular entities with an average diameter of 85-125 nm (13) suggesting that this form of the enzyme may serve a structural as well as a catalytic role.
This highly enriched cytoskeletal form of the enzyme facilitated the study of the binding of calmodulin to a native form of the enzyme, the determination of the stoichiometry of calmodulin binding, and the elucidation of the regulation of calmodulin binding by autophosphorylation (14 (30 Ci/mmol; 1 Ci = 37 GBq) and Aquasol-2 were purchased from New England Nuclear, and '25I-labeled Bolton-Hunter reagent was obtained from ICN. Tris base, bovine serum albumin, dithiothreitol, and ATP were from Sigma. Calmodulin was acquired from Sigma, and its purity and biological activity were confirmed. N-hydroxysuccinimidyl-4-azidobenzoate was acquired from Pierce. Triton X-100 was from Packard, and GVWP filters were from Millipore. Materials for polyacrylamide gel electrophoresis were supplied by Bio-Rad. 1251I-labeled calmodulin (1670 Ci/mmol) was prepared by reaction with 1251I-labeled Bolton-Hunter reagent (15) . MAP-2 and synapsin I were isolated by standard methods (16, 17) . Protein was determined by the method of Bradford (18) . Free calcium concentrations were maintained with an EGTA buffer (19) . Experiments were repeated a minimum of twice, yielding similar results.
Brain cytoskeletal preparations enriched in the calmodulin-dependent protein kinase were prepared as described (14) . Initial rates of autophosphorylation were determined on the same cytoskeletal preparation under conditions used for the binding studies by equilibrating 300-350 ng of cytoskeletal protein with the indicated concentrations of calmodulin and Abbreviation: MAP-2, microtubule-associated protein 2.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. calcium in 90 ,l of 50 mM Tris HCl, pH 7.7, containing 7 mM MgCl2, 2 mM dithiothreitol, and 100 Ag of bovine serum albumin/ml at 0C for 1 hr in borosilicate glass tubes. Binding of calmodulin at all concentrations used in this work was shown to have reached completion under these conditions. After the sample was warmed to 30'C for 1 min, the reaction was initiated by the addition of 10 AM ATP (final) and 2-3 GCi of [y_32P]ATP to each assay, and the incubation continued for 1 min. The reaction was quenched by the addition of 30 Al of NaDodSO4 sample buffer and was boiled for 2 min. After separation by NadDodSO4/PAGE on 10% acrylamide/ 0.267% bisacrylamide gels (20) , incorporation of 32p into the enzyme subunits was localized by autoradiography of the dried gel and then quantitated by direct liquid scintillation counting of the excised gel regions in Aquasol-2.
1251-labeled calmodulin binding to 300-350 ng of cytoskeletal protein was assessed under the same conditions for autophosphorylation as indicated but without ATP. After 1 hr incubation on ije, the bound calmodulin was assessed by the addition of 1 ml of 50 mM Tris HCl, pH 7.7, containing 100 ,g ofalbumin/ml followed by rapid vacuum filtration through GVWP filters (14) .
Calmodulin was cross-linked to the cytoskeletal kinase with the heterobifunctional reagent N-hydroxysuccinimidyl-4-azidobenzoate by a modification of the method of Bader et al. (21) . The conditions of the incubations and cross-linking were optimized so as not to alter calmodulin binding.
RESULTS

A number of polypeptides are phosphorylated in response to
Ca2l and calmodulin in the cytoskeletal complex derived from the microsomal fraction of brain tissue. Two of these polypeptides correspond to major Coomassie blue staining proteins in this preparation that have been shown to be highly homologous to type II calmodulin-dependent protein kinase (13) . The ability ofthese polypeptides to bind calmodulin was confirmed by chemical cross-linking. Fig. 1 shows that 1251I-labeled calmodulin can be cross-linked in a Ca2+-dependent fashion to two proteins whose molecular weights, after subtracting 17 weight complex is also observed around 180,000 (by difference), but this corresponds to a small fraction of the total cross-linked calmodulin. The profile is similar to that obtained previously by '25I-labeled calmodulin overlay of a NaDodSO4/polyacrylamide gel (13) .
Most of the Coomassie blue-staining polypeptide at Mr 50,000 can be shown to be susceptible to phosphorylation by exploiting the change in electrophoretic mobility to a higher apparent molecular weight upon phosphorylation (2, 3, 13) . The stoichiometry of phosphorylation of the a subunit of the calmodulin-dependent kinase was analyzed at a series of ATP concentrations, cytoskeletal protein concentrations, and times of phosphorylation. Phosphatase activity was not detectable in the isolated cytoskeletal preparation. Maximal incorporation varied between preparations but was consistently >2 mol of phosphate per mol of a subunit. This value is similar to that in the literature for the soluble enzyme (2).
The question of whether the autophosphorylation of the enzyme subunits is an inter-or intramolecular event is difficult to answer conclusively for the cytoskeletal enzyme complex. Since the enzyme and putative substrates are part of the same particulate macromolecular entity, the dependence of phosphorylation of enzyme subunits on cytoskeletal protein concentration was linear (data not shown). These zero-order kinetics have also recently been observed for the soluble calmodulin-dependent protein kinase type II (22) .
A clear disparity is manifest between calmodulin binding to the enzyme and the ensuing autophosphorylation for both the a, Mr 50,000, and /3, Mr 58,000-60,000 subunit. For simplicity only data for the a subunit are presented. All observations for the a subunit hold also for the 8 subunit. An autophosphorylation profile as a function of calmodulin concentration is shown in Fig. 2 (Fig. 3a) . The explanation for this apparent discrepancy in the EC50 values is evident after the data are presented as a Hill plot (Fig. 3b) zyme activation observed here. This phenomenon is evident over a wide range of cytoskeletal protein concentrations and is not altered by measuring calmodulin binding at 250C instead of at 00C. Cooperativity in the autophosphorylation is also observed when the calmodulin concentration is varied at low (500 nM) free Ca2+ (data not shown), supporting the relevance of this phenomenon in vivo.
Phosphorylation of exogenously added substrate by the cytoskeletal calmodulin-dependent protein kinase also is cooperative with respect to calmodulin concentration. Fig.  3b shows the Hill plot for MAP-2 phosphorylation. Similar results were obtained for synapsin I (data not shown). Thus, the kinetics were not simply a function of autophosphorylation of cytoskeletal substrates. (Fig. 4) . The (14) . At saturating (100 nM) calmodulin concentrations this divalent cation induces a cooperative change in autophosphorylation activity (Hill coefficient = 2.90). This is reflected in the Mg2e-dependent binding of calmodulin to the enzyme (Hill coefficient = 1.5) (Fig. 5a ), which represents 20%o of the total binding (also see ref. 14) . This is likely to be an effect on the enzyme itself rather than a direct effect on calmodulin, which has a low affinity for Mg2 . It is probably significant that the cooperativity is expressed at approximately intracellular neuronal Mg2+ concentrations (25) .
One of the features noted earlier (14) characterizing the binding of 1251-labeled calmodulin to the enzyme was the exquisite sensitivity of the process to free Ca2+ levels. Given the high levels of calmodulin in nervous tissue, the protein kinase becomes, in effect, a sensor for the free Ca2+ concentration. A Ca2' concentration curve at 5 puM calmodulin reveals cooperativity (Hill coefficient = 1.5) in the activation of autophosphorylation which was expressed within the physiologically relevant Ca2+ concentration range of 100-500 nM cation (Fig. Sb) . The micromolar affinity of calmodulin for Ca2+ necessitates the use of high calmodulin concentrations to form sufficient Ca2+-bound calmodulin to activate the kinase at Ca2+ concentrations <1 puM. The corresponding binding experiment was performed at 100 nM calmodulin rather than 5 (35) .
This signaling system may also undergo adaptation to various levels of synaptic activity by resetting the enzyme response threshold levels for Ca2" via the autophosphorylation/dephosphorylation state. Such a system may resemble in a manner the model proposed for bacterial chemosensory signal transduction (36) . The phosphorylation-dephosphorylation cycle may also pertain to a hypothetical mechanism recently postulated to be relevant to aspects of memory processes (37) .
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